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A Model-Independent Approach to Assigning Bacteriorhodopsin’s
Intramolecular Reactions to Photocycle Intermediates

Benedikt HeRling, Georg Souvignier, and Klaus Gerwert
Max-Planck-Institut fir Molekulare Physiologie, Dortmund, Germany

ABSTRACT By using factor analysis and decomposition, bacteriorhodopsin’s intramolecular reactions have been assigned
to photocycle intermediates. Independent of specific kinetic models, the pure BR-L, BR-M, BR-N, and BR-O difference spectra
were calculated by analyzing simultaneously two different measurements in the visible and infrared spectral region performed
atpH 6.5, 298 K, 1 M KCI, and pH 7.5, 288 K, 1 M KCI. Even though after M formation L, M, N, and O intermediates kinetically
overlap under physiological conditions, their pure spectra have been separated by this analysis in contrast to other approaches
at which unphysiological conditions or mutants have been used or specific photocycle models have been assumed. The results
now provide a set reference spectra for further studies. The following conclusions for physiologically relevant reactions are drawn:
(a) the catalytic proton release binding site, asp 85, is protonated in the L to M transition and remains protonated in the
intermediates N and O; (b) the catalytic proton uptake binding site asp 96 is deprotonated in the M to N transition and already
reprotonated in the N to O transition; (¢) proton transfer between asp 96 and the Schiff base is facilitated by backbone movements

of a few peptide carbonyl groups in the M to N transition.

INTRODUCTION

A key element in the understanding of the details of bacte-
riorhodopsin’s (bR) proton pump mechanism is the assign-
ment of intramolecular reactions to specific photocycle in-
termediates (for a recent review see Lanyi, 1992). The
chromophore reactions, the protonation changes of side
groups, and the structural backbone change can be described
by the same set of apparent rate constants (Gerwert et al.,
1990b; Souvignier and Gerwert, 1992). Unfortunately, these
experimentally accessible apparent rate constants are not
necessarily simply related to intrinsic rate constants describ-
ing directly the photocycle reactions. Due to the biphasic
decay of at least the intermediate M, an unidirectional pho-
tocycle must be excluded (Xie et al., 1987). This implies that
the number of apparent rate constants deduced from expo-
nential fit calculations of the absorbance changes is smaller
than the number of intrinsic rate constants describing directly
the photocycle reactions. As a consequence, photocycle
modeling is an experimentally underdetermined problem,
and the derived intermediate spectra are model dependent. A
large number of photocycle models are proposed in which the
intermediates K, L, M, N, and O are differently connected
(for a literature survey see Var6 and Lanyi, 1990a). These
models vary between two extremes: parallel photocycles
originating from different BR; ground states via K;, L;, M;,
N;, and O; and linear photocycles with significant back-
reactions between K, L, M, N, and O (Lozier et al., 1975;
Hanamoto et al., 1984; Dancshazy et al., 1988; Diller and
Stockburger, 1988; Fodor et al., 1988; Kouyama et al., 1988;
Chernavskii et al., 1989; Ames et al., 1990; Vir$ and Lanyi,
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1991b). Here we face a fundamental problem in the analysis
of molecular reaction kinetics.

To overcome this dilemma, an alternative approach is per-
formed. Based on the measured absorbance difference spec-
tra, which consist of intermediate mixtures at each time of
the reaction, the physiologically relevant pure BR-L, BR-M,
BR-N, and BR-O intermediate difference spectra are ex-
tracted by a mathematical approach called factor analysis
and decomposition (Malinowski, 1980) and is in principle an
extension of singular value decomposition (SVD) (Henry
and Hofrichter, 1992). In particular, the intermediates N and
O appear almost simultaneously in the M decay under physi-
ological conditions, and the measured difference spectra do
not allow a clear-cut assignment of the reactions to N or O
(Souvignier and Gerwert, 1992). The approach yields the
minimal number of kinetically and spectrally distinct pure
intermediates. Those intermediates that are not well sepa-
rated may still be merged. Restrictions in the calculations are
given only for a few well-known specific bands of the re-
spective pure intermediate spectra, but no assumption on the
photocycle reactions is made. The idea of factor analysis and
its mathematical background is explained (HeBling et al.,
1992). The method of decomposition into pure difference
spectra differs from thosc described by Hofrichter et al.
(1989), Chen and Braiman (1991), and Vé4ré and Lanyi
(1990b). The approach is applied simultaneously to absor-
bance difference spectra in the visible and infrared spectral
region. Based on this analysis, we are now able to assign in
a model-independent manner the intramolecular reactions to
specific intermediates. The implications of the results for the
pump mechanism are discussed.

MATERIALS AND METHODS

For the details of sample preparation, apparatus, data acquisition, and the
global fit procedure, see Souvignier and Gerwert (1992).
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In global fit analysis the absorbance changes AA in the visible and in-
frared are analyzed with sums of #,; exponentials with apparent rate constants
k; and amplitudes a,.

AL D = S a (e  + ag(v).

=1

In this analysis, the weighted sum of squared differences f between the fit
with n, rate constants k; and data points at n,, measured wavelengths v; and
n, time ¢; is minimized:

nw  nr
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In contrast, in factor analysis and decomposition the absorbance changes
are described as a product of the pure intermediate difference spectra and
their respective time course. The absorbance changes AA; during a pho-
tocycle of / involved intermediates are described by the following n,, times
n, equations:

AAU = deycy

where n,, is the number of measured wavelengths; #, is the number of
measured spectra; AA;; is absorbance changes at time ¢ and wavelength v;
d is the thickness of the sample; ¢,; is the concentration of the intermediate
k at the time #; ey is the difference of extinction coefficient between the pure
intermediate £ and BRs7, at wavelength v; or in matrix form:

[A] = [E](C].

The ith row of matrix [A] represents the time dependence of absorbance
changes at wavelength v;, and the jth column can be read as the absorbance
spectrum at the time #. Although we know [A] within experimental error the
elements of [£] and [C] are unknown. Starting from the original data [A],
a matrix [Z], called the covariance matrix, is calculated. With the help of
standard mathematical techniques [Z] is decomposed into a set of “abstract”
factors [E] and [C], which, when multiplied, reproduce the original data (see
Fig. 1). These factors [E] and [C] have a pricri no physical meaning, but
they show the minimum number of intermediates that describe the absor-
bance changes without any specific assumption on the photocycle reaction
mechanism. In order to give physically meaningful matrices, they are trans-
formed into real factors in an iterative process under weak restrictions on
the intermediates spectral shape. The real factors represent the pure inter-
mediates.

[Z] is constructed by premultiplying the data matrix [A] by its transpose

[Z] = [ATTA].

With the help of numerical methods a matrix [Q] can be found that diago-
nalizes [Z] such that

[Q17'ZIQ] = [A;8;] = [A].

DATA tri COVARIANCE
MATRIX lrtr_ml_”xt_ > MATRIX
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[A] g (2]
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FIGURE 1 Scheme of factor analysis and decomposition.
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Here 8 is the Kronecker delta and A; is an eigenvalue of the set of equations

[Z]Qj = ‘\jQ,i-

Q; is the jth column of matrix [Q]. We showed that the transpose of matrix
[@], which diagonalizes the covariance matrix [Z], represents the matrix [C],
and its rows form a set of orthonormal eigenvectors (Malinowski, 1980;
HeBling et al., 1992). Multiplying the calculated matrices [E] and [C] we
can reproduce the data matrix via a short circuit (Fig. 1). Up to this stage
of factor analysis the original data are exactly described by a set of mutually
orthonormal eigenvectors. Due to experimental error, however, the number
of eigenvectors found does not depend on the number of involved inter-
mediates but on the dimension of matrix [A]. Without error the number of
eigenvalues unequal to zero would represent directly the number of distinct
intermediates. Each successive eigenvector accounts for the greatest pos-
sible variance in the data (a formal definition is given in Malinowski, 1980).
The most important eigenvector associated with the greatest eigenvalue is
oriented in a factor space, constituted by all eigenvectors, so as to account
for the maximum possible variance. It defines the best one-factor model.
Since the least important eigenvectors associated with the smallest eigen-
values in practice regenerate the experimental error we recalculate the data
matrix using only the most important eigenvector (J; to obtain E; and C,.
We continue adding eigenvectors associated with the largest eigenvalues,
sequentially, until the product reproduces the data within error:

¢
EE,...E]| &
C

n

= [E*IC*] = 4] = [A)

The minimum number of eigenvectors # yielded in this step represents the
number of factors (i.e., intermediates) that describe the data within the error
without any assumption regarding the reaction kinetics. These abstract eig-
envectors have no physical meaning. The physically meaningful real factors,
that is, the pure intermediate difference spectra, are not necessarily orthonor-
mal to each other but are linear combinations of the abstract factors. Up to
this stage the SVD and this approach should yield the same abstract factors.
Using SVD as a matrix rank reduction algorithm, in different applications
a specific photocycle model is then assumed to deduce pure intermediate
difference spectra (Chen and Braiman, 1991; Lozier et al., 1992). In order
to obtain the real factors, that is, the pure intermediate spectra, here a dif-
ferent, iterative procedure is used in the last step. Since the pure intermediate
spectra E;' are linear combinations of the calculated E;,

E'=aFE, +bE, + ...

We are seeking a transformation matrix [7] and its inverse [T]~! with the
property

[A*] = [E*][C*] = [E*]T][T]'[C*] = [E'][C"].

In order to search for solutions in such a multidimensional parameter
space, recent work (Zimanyi and Lanyi, 1993) showed the applicability of
filters in a grid search algorithm. In the studied case, mutated asp 96 asn
bacteriorhodopsin, only three base spectra must be examined. For practical
reasons this kind of strategy is inadequate for data containing more than
three base spectra. Here we proceed in two steps. First we narrow the so-
lution space by orienting the spectral shape of three real factors in the
infrared to low-temperature BR-L and BR-M difference spectra and a BR-N
measured at high pH. Thus, keeping those coefficients fixed, the solution
space can be reduced to a reasonable number of grid points. Those grid
points, obeying criteria 1-3 (see below), are used as starting points for the
second step. Then, during iteration, all coefficients a;, b;, ... are varied
randomly so that ;

1. The pure difference spectra in the visible (i.e., elements of [E']) are
similar to generally accepted difference spectra in the literature (Vard and
Lanyi, 1991a; Lozier et al., 1992), but deviations are allowed.

2. Positive intermediate concentrations are found (i.e., all elements of [C’]
are positive).

3. The weighted sum of difference between the input data matrix [A] and
recalculated data [E'][C'] is minimized.
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Even though these restrictions are relatively weak, the it-
eration converges to a clear minimum.

The analysis described was applied to the absorbance
changes of bR from 50 us to 700 ms after flash excitation
in the infrared measured with stroboscope Fourier Transform

Infrared Spectroscopy and 12 wavelengths in the visible '

spectral range of two different measurements performed at
pH 6.5, 298 K, 1 M K(l, and at pH 7.5, 288 K, 1 M KCI.
Data were taken with 4 cm™ spectral resolution and 20 us
time resolution. For factor analysis 250 difference spectra
from the measurement at pH 6.5 and 350 difference spectra
from the measurement at pH 7.5 are condensed by averaging
to 20 difference spectra, respectively, equally spaced on a
logarithmic time scale. With 12 wavelengths in the visible
(410, 430, 460, 500, 530, 550, 570, 590, 620, 640, 660, 680
nm) and 361 wavenumbers in the infrared (1800-1100
cm™1), the input data comprise a 373 X 40 matrix.

RESULTS

In order to obtain high-quality pure difference spectra of
physiological relevance the analysis is applied to two dif-
ferent measurements: performed close to physiological con-
ditions. Application of the analysis to one measurement did
not separate N and O spectra satisfactorily. In one experiment
performed at pH 6.5, 298 K, and 1 M KCl the O intermediate
accumulates during the M decay and in the other performed
at pH 7.5 and 288 K the N intermediate dominates (Kouyama
et al., 1988; Smith et al., 1983). In particular, the proposed
fast equilibrium reaction of microseconds between N and O
renders it difficult to assign reactions to the respective in-
termediates (Chernavskii et al., 1989; Souvignier and
Gerwert, 1992). In order to exclude unphysiological reac-
tions, these specific conditions are used even if it seems that
under extreme external conditions (pH, temperature) some
reactions are better visualized (Smith et al., 1983; Pfefferlé
etal., 1991; Ormos et al., 1992). Furthermore, it became clear
that data in the visible and infrared spectral region have to
be analyzed simultaneously. In the first part of this section,

the results of the conventional global multiexponential fit

analysis in the visible and infrared spectral region of the two
measurements are discussed. This allows a comparison of the
conventional approach with the new one. In the following the
results of the global fit analysis are discussed in the context
of the factor analysis results described later.

Global Fit Analysis of Visible Absorbance
Changes '

In Fig. 2, three-dimensional presentations of the two mea-
surements in the visible spectral range are shown. At pH 7.5
(Fig. 2, bottom) the photocycle is slowed down compared to
pH 6.5 (Fig. 2, top). The disappeared BR ground state ab-
sorption and its reappearance can be followed at 570 nm, the
L-decay produces a shoulder at 530 nm, and the M rise and
decay can be followed mainly at 410 nm. Comparison of the
absorbance changes at 680 nm, indicative of O accumulation,
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FIGURE 2 Three-dimensional graph of multiexponential fit results of ab-
sorbance changes in the visible spectral region during the bacteriorhodopsin
photocycle. (@) at pH 6.5, 298 K, 1 M KCl; (b) at pH 7.5, 288 K, 1 M KCIL.

shows significant O concentration at pH 6.5 but almost no
O accumulation at pH 7.5. Due to the broad overlap of N
and BR absorption, the N intermediate cannot be followed
in the visible directly (Kouyama et al., 1988). Selected
time courses of absorbance changes from Fig. 2 are shown
in Fig. 3, as are results of the global fit analysis (Gerwert
et al., 1990b; Souvignier and Gerwert, 1992). The absor-
bance changes represent mainly the time dependence of M
(410 nm) and O (680 nm) concentrations. The exponential
fit curve and the three dominating apparent rates k;, with
their relative contributions, are presented. The absorbance
changes are fully described at pH 6.5 with five apparent
rates and at pH 7.5 with six in agreement with Xie et al.
(1987) and Souvignier and Gerwert (1992). The biphasic

- M rise is not resolved at pH 6.5. Numbering of rates is in

the order of their appearance, that is, their significance in
the fit calculation. The L to M reaction is dominated by &,
and the M decay by k; and k4 (Fig. 3, a and b). The ap-
pearance of O is mainly described by k4 (Fig. 3 ¢). The
corresponding amplitude spectra a,(v;) (i.e., the wavelength
dependence of the apparent rates) are given in Fig. 3 (e
and f). The relative contributions of the rates to the respec-
tive absorbance changes can be followed. In a linear
scheme they would already represent the searched-for pure
difference spectra, if the intermediates are kinetically well
separated. But here they represent mixtures of intermedi-
ates. In Fig. 3 (e and f) &, (and at pH 7.5 ks) describes the
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FIGURE 3 Selected absorbance changes from Fig. 2 with exponential fit curve and the three dominating rates. (e) at 410 nm, pH 6.5; (b) 410 nm pH
7.5; (¢) 680 nm, pH 6.5; (d) 680 nm, pH 7.5; (e) the amplitude spectra of all apparent rates describing the absorbance changes at pH 6.5 with 1,= 0.1 ms,
t; =03 ms, t; = 1.4 ms, 13 = 3.5 ms, 1, = 26.4 ms (it represents order of appearance in the fit); (f) amplitude spectra at pH 7.5 with ; = 0.1 ms, #5 =

0.6ms, t; = 1.3 ms, ty = 44 ms, t5 = 242 ms, t, = 75 ms.

disappearance of L (550 nm) and the appearance of M
(410 nm). Rate constant k5 represents at pH 6.5 the M (410
nm) and O (680 nm) decay (Fig. 3 €), whereas at pH 7.5 it
represents only the M decay (410 nm) (Fig. 3 f). At pH
6.5 k4 describes mainly the disappearance of M (410 nm)
and the appearance of O (680 nm). At pH 7.5 it reflects the
disappearance of M and the appearance of N (around 570
nm). ks shows wavelength dependence similar to that of ks
but is much smaller. The contribution to M decay is almost
negligible at pH 6.5 and significant at pH 7.5. k; contrib-
utes at pH 6.5 to O decay and at pH 7.5 to N appearance.
This is in agreement with the conclusion that k; is con-

nected to the N-O equilibrium reaction (Souvignier and
Gerwert, 1992).

Global Fit Analysis of Infrared Absorbance
Changes

In Fig. 4 a three-dimensional presentation of the two mea-
surements in the infrared spectral region are shown (compare
Fig. 2, a and b). The time course of absorbance changes at
1186 cm™! (pH 6.5 and pH 7.5) at 1503 cm™' (pH 6.5) and
1385 cm™! (pH 7.5) is shown in Fig. 5. As for the visible data,
the exponential fit curve and the three dominating rates are
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A-Absorbance

1800 Wavenumbers {em™} 1000

A-Absorbance

1800 Wavenumbers (cm™) 1000

FIGURE 4 Three-dimensional graph of IR absorbance changes between
1800 and 1000 cm~! with 4 cm™! spectral resolution. (a) at pH 6.5; (b) at
pH 7.5

also given. Appearance of the band at 1186 cm™' (not time
resolved) is indicative of all-trans to 13-cis isomerization
(Smith et al., 1984). Its disappearance, dominated by ks,
shows the deprotonation of the Schiff base in the L to M
transition. Its reappearance, dominated by k4, describes
reprotonation of the Schiff base, and its final disappearance,
dominated by k3 at pH 6.5 and k¢ at pH 7.5, indicates the
relaxation of the chromophore configuration to the initial BR
ground state (Fig. 5, @ and b). The absorbance change at 1503
cm™! reflects mainly the concentration dependence of the O
intermediate (Fig. 5 ¢), as does the absorbance change at 680
nm (Fig. 3 ¢) (Smith et al., 1983). Its rise is dominated by
ks, its decay by k3. At 1385 cm™! the N formation can be
followed (Fig. 5 d) (Souvignier and Gerwert, 1992). Its rise
is dominated by k4, as for O, and its decay by k.

In Fig. 6 the corresponding infrared (IR) amplitude spectra
are given. The k, amplitude spectra representing the L to M
reaction agree very well in the two different measurements,
indicating their spectral independence of external param-
eters. In Fig. 6 @ only the &, amplitude spectrum of the mea-
surement at pH 7.5 is shown. The characteristic reactions of
the L to M transition are reflected: disappearance of the reti-
nal band at 1190 cm™! and 1159 cm™!, disappearance of the
1747 cm™', and appearance of the 1762 cm™' asp-carbonyl
bands. The k3 amplitude spectrum at pH 7.5 in Fig. 6 b rep-
resents mainly the M to BR reaction. In Fig. 6 (¢ and d) the
k4, amplitude spectra are shown. They represent mainly the
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M to O reaction at pH 6.5 and the M to N reaction at pH 7.5,
respectively. This becomes obvious by comparing the bands

- at 1507 cm™! and 1171 cm™! in the two different measure-

ments, which are indicative of O formation (Smith et al.,
1983). (The amplitude spectra are multiplied by -1 for better
visualization.) The k; amplitude spectrum obtained at pH 6.5
reflects mainly the O to BR reaction as indicated at 1505
cm™ and 1173 cm™! (Fig. 6 ¢). At pH 7.5 the M decay is
slowed down, and thereby the M and N intermediates are

- kinetically better separated than M and O at pH 6.5. At pH

7.5 the k3 amplitude spectrum reflects mainly an M to BR
reaction (Fig. 6 b), whereas the ks amplitude spectrum mir-
rors an N to BR reaction (Fig. 6 f).

Factor Analysis and Decomposition

With factor analysis and decomposition, the pure interme-
diate difference spectra are extracted from the measured ab-
sorbance difference spectra representing intermediate mix-
tures. In the first step the minimum number of spectrally and
kinetically different abstract factors describing the absor-
bance changes are determined (see also scheme in Fig. 1). Up
to this stage the same mathematical principles as in SVD are
used (Hofrichter et al., 1989; Chen and Braiman, 1991). It is
found that four factors are needed to describe absorbance
changes during the L to BR reaction pathway (i.e., between
50 ps and 700 ms within experimental error). Importantly,
this was found without the assumption of specific photocycle
models and not even with the assumption of first-order re-
actions. In the iteration the measured absorbance changes at
12 wavelengths in the visible and 361 wavenumbers in the
infrared are condensed to 40 difference spectra comprising
a 373 X 40 input matrix. As an example one comparison is
shown in Fig. 7 a between the measured difference spectrum
120 ps after flash excitation and the calculated difference
spectrum with four factors. Three factors do not satisfactorily
describe the difference spectrum, whereas adding a fifth fac-
tor only reproduces experimental error (data not shown). In
the extension of SVD in the next step the real factors (i.e.,
the pure intermediate difference spectra) are calculated as
linear combinations of the four abstract factors in an iterative
process. This iteration makes the analysis independent of
specific kinetic models. Nevertheless it is assumed that in-
termediates like I, M, N, and O exist. As an example, the
fingerprint region for the same measured difference spectrum
is compared with the result of one, two, three, and four real
factor analysis. Four real factors satisfactorily describe the
data (Fig. 7 b). The good description of all measured dif-
ference spectra in the visible and infrared with four factors
is the first control of the approach. Recently in a similiar
approach (Zimanyi and Lanyi, 1993) the asp-96-asn mutant
photocycle was analyzed. As discussed in Materials and
Methods this is not transferable to the wild type, in which
four instead of three intermediates must be examined. In
other approaches also starting with SVD specific photocycles
are assumed to yield pure intermediate spectra (Hofrichter
et al., 1989; Chen and Braiman, 1991).
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FIGURE 5 Selected absorbance changes from Fig. 4 with exponential fit curve and the three dominating rates. () at 1186 em~!, pH 6.5; (b) at 1186

em™!, pH 7.5; (¢) at 1503 em™, pH 6.5; (d) at 1385 em™!, pH 7.5.

Pure Difference Spectra in the Visible Spectral
Range

In Fig. 8, the calculated pure BR-L, BR-M, BR-N, and BR-O
difference spectra in the visible spectral range [E'] are
shown. In general they agree well with difference spectra
obtained by model-dependent approaches (Lozier et al.,
1992; Varé and Lanyi, 1991a), except that the small ampli-
tude at 410 nm in the BR-N difference spectrum is in full
agreement with the results of Lozier et al. (1992) but dis-
agrees with those of Var6 and Lanyi (1991a). Nevertheless,
the overall general good agreement with the results given by
Lozier et al. (1992) and Varé and Lanyi (1991a) can be re-
garded as a second control of this approach.

A third control is the agreement of the time course of the -

intermediate concentrations [C’] with characteristic absor-
bance changes of the respective intermediates. In Fig. 9, the
time dependence of the L, M, N, and O concentrations as
yielded by factor analysis are given for pH 6.5 (Fig. 9, top)
and pH 7.5 (Fig. 9, bottom). In addition the curves yielded
by multiexponential refitting of the intermediate concentra-
tions are shown. Even though exponential behavior was not
assumed in the analysis the same apparent rates are obtained
as by global fitting of the measured absorbance changes. As
expected, because only four spectrally and kinetically dif-
ferent basic spectra are found, at pH 6.5 the apparent rate kg
and at pH 7.5 the apparent rates ks and kg are not revealed

in refitting the concentrations. The L decay and M formation
agree well with the absorbance changes at 410 nm at pH 6.5
(compare Fig. 9, fop, with Fig. 3 a). At pH 7.5 the time course
of the M concentration deviates slightly in the decay as com-
pared to the absorbance change at 410 nm (compare Fig. 9,
bottom, with Fig. 3 b). This finding is complementary to the
appearance of the small amplitude at 410 nm in the BR-N
difference spectrum (Fig. 8). It may indicate that factor
analysis describes only an early M, does not resolve a second
M, and merges it to N. The O concentration coincides with
the absorbance change at 680 nm and 1503 cm™, respec-
tively (compare Fig. 9 with Fig. 3, ¢ and 4 and Fig. 5 ¢). The
N concentration agrees with the absorbance change at 1385
cm™!, which is indicative of N formation (compare Fig. 5 ).

All three controls presented show that the four calculated
pure difference spectra describe satisfactorily, within experi-
mental error, the absorbance changes during the photocycle
between 50 us and 700 ms.

Pure Difference Spectra in the Infrared Spectral
Region

BR-L

In Fig. 10 the pure BR-L room temperature difference spec-

trum as yielded by factor analysis (Fig. 10 a) and for com-
parison the low temperature BR-L difference spectrum taken
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at 100 K (Fig. 10 b) are shown. In general they agree, but
significant deviations are seen in the carbonyl region at
1748, 1712, 1698, 1686, 1679, and 1660 cm™' and minor
deviations between 1500 and 1300 cm™'. The lack of the
shoulder at 1748 cm™ and the additional band at 1712
cm™ are in agreement with earlier time-resolved IR room
temperature measurements in this spectral region
(Engelhard et al., 1985). The signal-to-noise ratio is sig-
nificantly increased compared to the results of Chen and
Braiman (1991) and Bousche et al. (1991), as can be seen
for example by comparison of the amide I region. A
prominent band seen at 1300 cm™ in Chen and Braiman
(1991) is clearly assigned in our analysis to N, but only a
less pronounced band is seen in L. The band seems there-
fore not to be indicative of asp-96 deprotonation in L
(Chen and Braiman, 1991).

BR-M

In the literature, a confusing variety of BR-M difference
spectra in the infrared spectral region is presented, deviating
mainly in the fingerprint region at 1180 cm™! and in the
amide I/amide II region to each other (Engelhard et al., 1985;
Gerwert et al., 1989; Ormos, 1991; Bousche et al., 1991;
Fahmy et al., 1992; Maeda et al., 1992; Perkins et al., 1993).
The BR-M difference spectrum yielded by factor analysis is
shown in Fig. 11 A. No retinal bands of protonated Schiff
base intermediates (i.e., positive bands) are observed in the
fingerprint region, as indicated, for example, by the decrease
at 1180 cm™!. Therefore, we conclude that the BR-M dif-
ference spectrum in Fig. 11 A is the purest with physiological
relevance, and the deviations from published BR-M differ-
ence spectra are due to different impurities of L, N, and O,
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depending on the specific pH and temperature used. As now
elucidated by factor analysis, the band at 1180 cm is
increased in L, N, and O compared to the BR-M difference
spectrum shown in Fig. 11 A. In addition, an amplitude spec-
trum of a measurement performed at 220 K is shown. At 220
K two rates describe the M decay. The amplitude spectrum
of the faster rate is almost identical to the BR-M difference
spectum obtained by factor analysis. The amplitude spec-
trum of the slower rate is shown in Fig. 11 B. It is almost
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FIGURE 9 Concentrations of L, M, N, and O in dependence of time as
yielded by factor analysis. (Top) pH 6.5; (bottom) pH 7.5.

identical but deviates at 1180 cm™" and in the amide I re-
gion at 1670/1650 cm™!.

BR-N

The pure BR-N difference spectrum as yielded by factor
analysis is shown in Fig. 12. It is almost identical to the kg
amplitude spectrum at pH 7.5, which reflects the N to BR
reaction (compare Fig. 6 d). Furthermore, it agrees nicely
with the BR-N difference spectrum obtained at pH 10
(Pfefferlé et al., 1991) and confirms now its relevance for

. physiological conditions. Characteric spectral features are

the shifted asp-carbonyl band at 1755 cm™', the negative
band of asp-96 at 1741 cm™, the strong difference band
at 1670/1650 cm™!, and the strong difference band at
1553/1525 cm™, 1395 cm™', and 1183 cm™!. The band at
1183 cm™! indicates the reprotonation of the Schiff base. It
is clear now that the shoulder at 1755 cm™! observed in the
so-called BR-M difference spectra is due to N impurities.

BR-O

The pure BR-O difference spectrum is shown in Fig. 13.
Characteristic spectral features of O observed in resonance
Raman experiments are the ethylenic band at 1507 cm™" and
an additional retinal stretching vibration at 1172 cm™" (Smith
et al., 1983). The comparison with the k3 amplitude spectrum
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FIGURE 10 (A) pure BR-L difference spectrum of the factor analysis;
(B) low-temperature BR-L at 100 K.

in Fig. 6 e shows that features of O can already be identified
in the k3 amplitude spectrum but the pure BR-O difference
spectrum is only obtained by factor analysis. This can be seen
by comparison of the band at 1505 cm™ in Fig. 6 e and in
Fig. 13. It is obvious now that the band at 1740 cm™ indi-
cating asp-96 deprotonation disappears only in N but not in
O in agreement with global fit analysis (Souvignier and
Gerwert, 1992). The posibility can be excluded that the band
at 1733 cm belongs to asp-96 (Gerwert et al., manuscript in
preparation).

DISCUSSION

By factor analysis and decomposition we are now able to
present the pure BR-L, BR-M, BR-N, and BR-O difference
spectra in the visible and, for the first time, in the infrared
spectral region which have physiological relevance. The pure
difference spectra are obtained from the simultaneous analy-
sis of two different measurements performed close to physi-
ological conditions at pH 6.5, 292 K, 1 M KCl, and pH 7.5,
287 K, 1 M KCL. At pH 6.5 the O intermediate dominates the
M to BR reaction pathway, whereas at pH 7.5 the N is ki-
netically separated from M decay and accumulates. In con-
trast to other approaches no assumption on specific photo-
cycle models is made to yield the pure difference spectra.
Interestingly, approaches using specific kinetic models yield
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in general the same pure difference spectra in the visible as
the approach performed here (Lozier et al., 1992; Vir6 and
Lanyi, 1991a). The pure difference spectra in the infrared can
be used as a reference for further studies—for example, with
bacteriorhodopsin mutants and isotopically labeled bR. A
comparison of the pure difference spectra with static differ-
ence spectra measured under unphysiological conditions
(e.g., high pH or low temperature) now indicates which of
them are useful. Furthermore, the comparison with amplitude
spectra of time-resolved measurements indicates that under
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certain conditions just by global fitting almost pure spectra
can be obtained.

From the time course of the intermediate concentrations in
Fig. 9 it becomes clear that

1. Time-resolved measured difference spectra have more
or less contributions of L also at later times of the photocycle
in agreement with Ames and Mathies (1990).

2. Pure, physiologically relevant M spectra cannot be ob-
served directly or as photostationary accumulated data due
to overlap with L, N, and O intermediates.

3. At pH 6.5, the intermediate O accumulates, but the
intermediate N still contributes significantly to O.

4. At pH 7.5, the intermediate N is kinetically separated
from M and an almost pure N can be obtained, since the
intermediate O contributes very little.

From the pure infrared difference spectra the following con-
clusions are drawn.

BR-L

The comparison of BR-L difference spectra in the infrared
measured at low and room temperature in Fig. 11 indicates
different band patterns of protein vibrations but similar chro-
mophore bands. The protein backbone bands (around 1660
cm~! and above), proline bands (1478/1468 cm™"), and tyr
185 bands (1277 cm™) show different behavior (Braiman
et al., 1988; Gerwert et al., 1990; Bousche et al., 1991). Most
interestingly, the difference band (1742/1748 cm™') due to
the asp 96 environmental shift at low temperature (Gerwert
et al., 1989) is no longer clearly seen; only a negative band
at 1742 cm™' and a new positive band at 1396 cm™! in the
carboxylate region are visible (Engelhard et al.,, 1985;
Braiman et al., 1991). Further experiments with asp-96 and
asp-115 mutants are necessary to clarify whether this rep-
resents partial asp-96 deprotonation at room temperature in
contrast to low temperature (Gerwert et al., 1989; Braiman
et al., 1991; Rothschild, 1992). In summary, the results in-
dicate clearly the importance of L measurements at room
temperature because at low temperature a different protein
state is stabilized. The different difference spectra may also
indicate two different L intermediates.
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BR-M

In the literature, the presented BR-M difference spectra in the
infrared spectral region (Engelhard et al., 1985; Braiman
et al., 1988, 1991; Gerwert et al., 1989; Ormos, 1991; Ormos
et al., 1992; Fahmy et al., 1992; Maeda et al., 1992; Perkins
et al., 1993) show impurities due to L, N, and/or O contri-
butions, respectively, as now quantified by factor analysis.
Good indicators are the bands at 1755 cm™ and 1188 cm™.
The time course of the intermediate concentrations in Fig. 9
show clearly that the time-resolved difference spectra meas-
ured during M formation or photostationary accumulated M
cannot be used directly as pure BR-M difference spectra. By
factor analysis and decomposition we are now able to extract
one pure BR-M difference spectrum of physiological rel-
evance. Conceptually, two different M intermediates are ex-
pected, one oriented with Schiff base toward the proton re-
lease pathway and one oriented toward the proton uptake
pathway (Schulten and Tavan, 1978; Gerwert and Siebert,
1986; Lanyi, 1992; Oesterhelt et al., 1992). Different BR-M
difference spectra presented up to now in the infrared are
caused by impurities and are not due to the two different M
intermediates (Ormos, 1991; Perkins et al., 1992). Low-
temperature BR-M difference spectra shown by Souvignier
and Gerwert (1992) and Ormos et al. (1992) deviate in the
amide I region from factor analysis BR-M. But in the time-
resolved series of difference spectra measured during the L
to M to N reaction pathway at room temperature, such a
difference spectrum is not observed. This calls into question
its physiological relevance. A second M (called Mn) is de-
tected at pH 10 in the asp-96-asn mutant (Sasaki et al., 1992),
but it is unclear whether this represents the second wild-type
M that we are searching for.

Even though factor analysis gives no direct indication for
two different M intermediates, one M may be kinetically or
spectrally merged with another intermediate and therefore
not be observed. It is clear that the four basic difference
spectra yielded by factor analysis do not fully describe the
absorbance changes during the photocycle. The small ap-
parent rates ks and k4 obtained in global fitting are not re-
flected in the pure intermediate spectra. Because the two
apparent rates describe biphasic M rise and decay, respec-
tively, they might be caused by a second M that is not clearly
separated kinetically or spectrally. It appears that under
physiological conditions this second M cannot clearly be
resolved in wild-type bacteriorhodopsin, and it is question-
able whether it will be fully resolved with increased time
resolution or increased S/N ratio. The small deviations in the
decay kinetics at pH 7.5 between the absorbance change at
410 nm and the time course of the M concentrations and the
small amplitude at 410 nm in the pure BR-N difference spec-
trum may indicate that the BR-M difference spectrum ex-
tracted by factor analysis represents an early M, whereas a
later, second M is merged with N. Nevertheless, an M1 to M2
transition might be better observed with slowed-down M-
decay. The global fit analysis of the M decay at 220 K re-
solves two different rates. The amplitude spectrum of the
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faster rate is almost identical to the BR-M difference spectum
obtained by factor analysis. The amplitude spectrum of the
slower rate shown in Fig. 11 B also represents a BR-M dif-
ference spectrum. In the earlier approaches these two spectra
are merged into one (Ormos et al., 1992; Perkins et al., 1992).
They deviate in the amide I region at 1668 cm™ and 1650
cm™ and in the amide II region at 1553/1527 cm ™", indi-
cating different protein backbone structures. This result sup-
ports a model in which a protein movement after M formation
contributes to the orientation of the central proton binding
site away from asp-85 and toward asp-96. But deviations in
the fingerprint region at 1180 cm ™! also indicate different
chromophore configurations in the two M, supporting the
hypothesis that the chromophore contributes to this move-
ment, in contrast to a pure C-T model (Schulten and Tavan,
1978; Fodor et al., 1988). Double-flash experiments seem to
be a promising method of resolving the problem of different
M intermediates (Druckmann et al., 1992).

In summary: the pure BR-M difference spectrum most .

likely represents an early M. It indicates the protonation of
asp-85 at 1762 ecm~'. The band pattern around 1732 cm™
now clearly resolved in the M-spectrum does not indicate
asp-212 protonation (Fahmy et al., 1993). Unpublished re-
sults indicate a composition of asp-115 and asp-96 differ-
ential bands (Gerwert et al., manuscript in preparation).

BR-N

The BR-N difference spectrum yielded by factor analysis
agrees nicely with the amplitude spectrum of &4 (Fig. 6 f).
Because at pH 7.5 the N is kinetically well separated from
M decay (Fig. 9, bottom), the apparent rate amplitude already
describes a pure BR-N, as the factor analysis proves now.
Furthermore, the factor analysis BR-N agrees with the BR-N
measured at pH 10 (Pfefferlé et al.,, 1991), also supporting
its relevance.

The following conclusions can be drawn from the pure
BR-N difference spectrum:

1. asp-96 deprotonates not only at high pH but also under
physiological conditions, as indicated by the negative band
at 1742 cm™! (Gerwert et al., 1989, 1990b; Bousche et al.,
1991; Maeda et al., 1992).

2. The asp-85 carbonyl frequency is shifted from 1762
cm™! in M to 1755 cm™! in N, indicating movement to a more
hydrophilic environment (Braiman et al., 1991; Fahmy et al.,
1992). It is also clear now that shoulders observed at 1755
cm™! in static “BR-M” difference spectra represent impuri-
ties due to N or O contributions.

3. The most prominent feature is the strong difference
band at 1670/1650 cm™!. These difference bands reflect a
backbone movement of a few peptide carbony! groups. It
may represent the same structural change observed in time-
resolved x-ray structure analysis (Koch et al., 1991) and in
electron microscopy studies (Subramanian et al., 1993). In
these studies the M to N reaction is not resolved and the
reaction seems to appear in M. From factor analysis it is clear
now that the main helical movement takes place after M
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formation in the M to N transition or as discussed above in
an unresolved M, to M, transition, in agreement with earlier
conclusions (Gerwert et al., 1990b; Braiman et al., 1991;
Ormos, 1991; Souvignier and Gerwert, 1992; Sasaki et al.,
1992). It seems that the structural movement precedes asp-96
deprotonation, because the difference bands at 1670/1650
cm™! are already seen in the late BR-M amplitude spectrum
(Fig. 11 b). An involvement of the structural movement in
asp-96 pK reduction is also proposed by Sasaki et al. (1992).

BR-O

The BR-O difference spectrum, which is not observable in
its pure form directly, is clearly elucidated for the first time
by factor analysis. The time-resolved series of difference
spectra contain significant M and N contributions, even
though O accumulates. Indicative O features are the chro-
mophore bands at 1508 cm™ and 1172 cm™. The following
conclusions are drawn from the BR-O difference spectrum:

1. asp-85 is still protonated in O, in agreement with earlier
conclusions based on global fit analysis (Souvignier and Ger-
wert, 1992). The carbonyl band at 1755 cm™! is significantly
increased in O as compared to N because its intensity is
partially compensated in'N by the disappearing asp-96 car-
bonyl vibration at 1742 cm™L.

2. asp-96 is already reprotonated in O, which is in agree-
ment with the results of our global fit analysis (Souvignier
and Gerwert, 1992) because the factor analysis clearly shows
no negative band at 1742 cm™ in O. asp-85 is protonated in
N and O and therefore could not affect the absorption maxi-
mum. Asp-96, on the other hand, is deprotonated in N and
reprotonated in O. Therefore it is appealing to assume that
asp-96 controls the absorption maximum in N by stabilizing
the positive chromophore charge at the Schiff base. Elec-
trostatic interaction over 10 A between asp-96 and the Schiff
base is conceivable (Bashford and Gerwert, 1992). Never-
theless, on the other hand similiar shifts are observed in the
asp-96-asn mutant lacking a negative charge. But in the mu-
tant a different charge stabilization mechanism in N is likely.

3. A new carbonyl band appears at 1737 cm™?, which is
tentatively assigned to asp-115 carbonyl vibration undergo-
ing an environmental change in O similar to the one in K.

4. The structural backbone change as indicated by the dif-
ference bands at 1670/1650 cm™" and 1560 cm™" is still pre-
sent in O. The band at 1659 cm™! cannot represent the C=N
vibration. It is observed at 1628 cm™! (Smith et al., 1983).

In the tyr-185-phe mutant an O-like intermediate is ac-
cumulated (Bousche et al., 1992). The mutant O-like dif-
ference spectrum also shows the O characteristic bands but
in different relative intensities as compared to the pure wild-
type O difference spectrum. As in the wild type, asp-96 is
reprotonated in O and asp-85 is protonated. In contrast, the
amide I difference band and therefore the protein backbone
motion are already relaxed in the mutant in O. This may be
due to a different mechanism in the mutant or may reflect two
different O intermediates.
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FIGURE 14 Basic four step scheme. The light-induced conformational
change (retinal isomerization) orients in intermediates K and L the central
proton binding site (CNH) to the protonrelease groups (asp 85, AH) resulting
in proton release in intermediate M; the second conformational change (pep-
tide C=0 group motion) facilitates proton transfer between asp 96 and the
Schiff base in N resulting in proton uptake. asp 96 is already reprotonated
in O. Asp 85 reprotonates A~ in the O to BR reaction.

CONCLUSION

Factor analysis and deconvolution yield, independently of
specific kinetic models, the four basic difference spectra de-
scribing the intramolecular reactions during bacteriorhodop-
sin pump activity. The intramolecular reactions are assigned
unequivocally to specific photocycle intermediates even if
. they overlap kinetically. The results confirm now in a clear-
cut manner the model proposed earlier based on a global fit
analysis in all details (Fig. 12 in Souvignier and Gerwert,
1992; Gerwert, 1992) and are summarized in Fig. 14.
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